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The turbulent spectrum of magnetic fluctuations in the solar wind displays a spectral break at ion
characteristic scales. At electron scales the spectral shape is not yet completely established. Here, we
perform a statistical study of 102 spectra at plasma kinetic scales, measured by the Cluster/STAFF
instrument in the free solar wind. We show that the magnetic spectrum in the high frequency
range, [1, 400] Hz, has a form similar to what is found in hydrodynamics in the dissipation range
∼ Ak−α exp (−kℓd). The dissipation scale ℓd is found to be correlated with the electron Larmor
radius ρe. The spectral index α varies in the range [2.2, 2.9] and is anti-correlated with ℓd, as expected
in the case of the balance between the energy injection and the energy dissipation. The coefficient A
is found to be proportional to the ion temperature anisotropy, suggesting that local ion instabilities
may play some roˆle for the solar wind turbulence at plasma kinetic scales. The exponential spectral
shape found here indicates that the effective dissipation of magnetic fluctuations in the solar wind has
a wave number dependence similar to that of the resistive term in collisional fluids ∼ △δB ∼ k2δB.
PACS numbers: 52.35.Ra,94.05.-a,96.60.Vg,95.30.Qd
In ordinary fluids, turbulent fluctuations are unpre-
dictable, but their statistics are predictable and univer-
sal [1]; turbulent spectra follow the power-law ∼ k−5/3
for any local conditions (k being the wave number). This
empirical result was explained by Kolmogorov [2] assum-
ing self similarity of turbulent fluctuations between the
energy injection scale (the largest scale of the system)
and the dissipation one ℓd (the smallest scale).
In the magnetized solar wind, collisions are very rare
(the mean free path is of the order of 1 AU), the dissi-
pation process at work and the characteristic dissipation
length are not known precisely. Moreover, in a mag-
netized plasma, it is difficult to imagine self-similarity
at all scales where turbulent fluctuations are observed,
since there exist several spatial and temporal charac-
teristic scales, such as the ion Larmor radius ρi =√
2kTi⊥/mi/(2πfci), the ion inertia length λi = c/ωpi,
the corresponding electron scales ρe, λe, and the ion and
electron cyclotron frequencies fci, fce. At these scales,
the dominant physical processes change, which affects the
scaling of the energy transfer time and furthermore the
energy transfer rate, leading to spectral shape changes.
In this Letter we study magnetic field turbulent fluc-
tuations at plasma kinetic scales, starting at ion scales
and going beyond electron spatial scales.
The broad solar wind spectra ranging from magneto-
hydrodynamic scales (MHD) to electron scales have been
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recently studied in [3, 4]. In a restricted statistical study
of 7 time intervals under different plasma conditions,
Alexandrova et al. [3] show that the spectrum appears
as quasi-universal when the Kolmogorov’s normalization
is used (see e.g. [1]). In ordinary fluids, the Kolmogorov
universal function is E(k)ℓd/η
2 = (kℓd)
−5/3, with η be-
ing the kinematic viscosity and ℓd the dissipation scale.
In our case, using ℓd = ρe and η = cst, we got col-
lapsed spectra E(k)ρe ≃ (kρe)−5/3 at MHD scales and
≃ (kρe)−2.8 at ion scales.
The transition between these two well-defined power-
laws is found in the vicinity of the ion scales where the
electron fluid has a significant drift with respect to the
ion fluid and where fluctuations can be sensitive to the
local plasma conditions [5–7]. This ion spectral break
transition is not universal [8, 9].
At electron scales, the spectral shape is not yet com-
pletely established. Sahraoui et al. [4] show a clear spec-
tral break at Doppler shifted ρe in the electron foreshock
region. This suggests a possible cascade at scales smaller
than ρe. Alexandrova et al. [3] show however that in the
free solar wind a curved spectral shape is observed at
these scales, instead of a break between two well defined
power laws, suggesting dissipation of turbulence.
We present here a relatively large statistical study of
102 spectra measured by the Cluster mission [10] in the
free solar wind. We find that their curved spectral shapes
can be fitted by a unique function ∼ kα exp(−k/k0) in a
range starting at the vicinity of the ion break point and
extending beyond electron scales.
This result does not discard the possibility of an-
other cascade at scales smaller than ρe, inaccessible with
present instruments, but gives an increased strength to
2the hypothesis that at electron scales, i.e. at ℓ ∼ 1 km,
there is dissipation of the electromagnetic turbulence in
the solar wind. Whether this dissipation is final or only
partial is still an open question.
The Cluster spacecraft was designed as a magneto-
spheric mission and its excursions in the solar wind not
connected to the terrestrial bow-shock are rather limited
in time. This is why it is difficult to find a large number
of long time intervals to study the MHD inertial range.
Nevertheless, time intervals of 10 minutes, as we will con-
sider here, are frequent, and long enough to study kinetic
scales.
We have selected homogeneous intervals among the
first five years of the Cluster mission (2001-2005). In or-
der to eliminate solar wind intervals when Cluster is mag-
netically connected to the Earth’s bow-shock, we have
used (i) electrostatic wave spectrograms, which show
clearly waves typical of the electron foreshock and (ii) the
connection depth, calculated with straight field lines and
a paraboloidal shock model [11, 12]. When the interplan-
etary magnetic field B is quasi-parallel to the solar wind
velocity V, Cluster is connected to the shock. Thus, our
data set only contains intervals for which the angle ΘBV
between B and V is larger than 60◦. If the turbulent
fluctuations have a phase speeds Vφ ≪ V , we can detect
by Doppler shift the fluctuations with k‖V. As B and V
are quasi-perpendicular, this means that we mainly study
fluctuations with k ⊥ B. We apply the Taylor hypothe-
sis (i.e., the direct relationship between time τ and space
scales ℓ = V τ) to get wave-number k from frequency f .
However, about ∼ 10% of the pre-selected intervals show
the presence of right hand polarized whistlers in parallel
propagation. For these waves the Taylor hypothesis is
not applicable, because their Vφ > V . We discard these
intervals. This data selection process gives us 102 inter-
vals.
In our statistical sample, the plasma conditions vary
as usually in the free solar wind in fast and slow streams:
bulk speed is V ∈ [300, 700] km/s, ion temperature is
Ti ∈ [4, 80] eV, temperature ratio is Ti/Te ∈ [0.3, 5],
mean magnetic field is B ∈ [3, 20] nT, ion plasma
beta is βi ∈ [0.1, 10], electron plasma beta is βe ∈
[0.1, 20], ion and electron temperature anisotropy T⊥/T‖
are smaller than 1. As usual, the plasma parame-
ters are inter-correlated: the strongest correlation is ob-
served between V and Ti with a correlation coefficient of
C(V, Ti) ∼ 0.8, followed by the correlation between mag-
netic and ion thermal pressure, electron and ion tempera-
tures, magnetic field intensity and electron temperature,
C(B2, nkTi) ∼ C(Ti, Te) ∼ C(B, Te) ∼ 0.6.
The Power Spectral Density (PSD) of magnetic fluctu-
ations as a function of frequency in the spacecraft frame
P (f) is obtained from the STAFF instrument measure-
ments [13] on Cluster. This instrument has two compo-
nents: (1) The Search Coil sensors (SC), which measures
magnetic waveforms at frequencies f ∈ [0.1, 12.5] Hz in
normal mode, and up to 180 Hz in burst mode; and
(2) the Spectrum Analyser (SA), which measures mag-
FIG. 1: Cluster/FGM & STAFF measurements in the solar
wind on 22th of January 2004 (reference 10-minutes time in-
terval, see text); (a) magnetic field modulus; (b) fluctuations
δBx/B at scales smaller than 10/fcp = 30s; (c) small scales
fluctuations δBx/B within the [0.5, 10] Hz frequency range.
netic and electric spectra from 8 Hz to 4 kHz every 4 s
(so that for a 10 minutes interval there are 150 individual
spectra). In this study we combine SC data in normal
mode, and SA spectra for the frequencies where the Sig-
nal to Noise Ratio (SNR) is larger than 3. Note that
measurements with SNR≃ 5 − 10 are already affected
by the instrumental noise, which becomes dominant for
SNR ∼ 3 [9]. This instrumental noise limit allows us to
use SA-data up to 60− 400 Hz as a function of the tur-
bulence intensity (i.e., for the most intense spectrum, we
have valid observations up to 400 Hz). A poor calibra-
tion of the first 3 frequencies of SA (at 8, 11 and 14 Hz)
[Y. de Conchy and N. Cornilleau, private communication,
2011], was corrected by an interpolation of these points
between the highest SC frequencies and the 4th and 5th
points of SA spectra. The linear interpolation between
logP (f) and log f is possible as far as the spectra follow
a power-law at these frequencies.
Let us start with the most intense turbulent interval
(called reference interval in the following), Figure 1. It
lies in the free solar wind downstream of the interplane-
tary bow shock passed by Cluster at 01:35 UT on January
22, 2004. The mean field is very high, around 20 nT (top
panel). In the two other panels we show magnetic field
fluctuations δBx at different scales τ : (i) FGM measure-
ments of δBx = Bx − 〈Bx〉τ with τ = 10/fci ≃ 30 s are
within the Kolmogorov’s inertial range; (ii) STAFF-SC
data in the range [0.5, 10] Hz, i.e., at frequencies higher
than the ion spectral break (∼ 0.3 Hz). One can see that
within the inertial range, the relative amplitudes may be
large, δBx/B ∼ 0.5.
For the analyzed time period, Figure 2 shows the PSD
of magnetic fluctuations as a function of the wave-number
P (k) = P (f)V/2π, which are determined using the Tay-
lor hypothesis (k = 2πf/V ) and the energy conservation
law
∫
P (k)dk =
∫
P (f)df . Green crosses show the Mor-
let wavelet spectrum [14] of STAFF-SC measurements
3FIG. 2: Spectrum of magnetic fluctuations at scales smaller
than 1000 km, measured by Cluster-1/STAFF on 22/01/2004
(reference spectrum, see text). Green crosses represent the SC
measurements, red diamond show the SA measurements. The
blue arrows indicate inverse ion and electron Larmor radii.
Dotted line indicates the k−2.8 power-law. The solid line gives
the fluid-like dissipation law Ak−2.8 exp(−kρe).
(presented in the bottom panel of Figure 1). Red di-
amonds display the STAFF-SA data for the same time
period. (In this plot we keep the 3 first poorly calibrated
data points, one can see them around k = 0.1 km−1 and
compare with the result of the interpolation in Figure
3). The error bars are estimated from the variance of
the PSD at each frequency [9]. This spectrum is valid up
to ≃ 400Hz, which gives us the maximum wave-vector
k ∼ 4 km−1 (while 1/ρe ≃ 1 km−1). This is the smallest
scale ever measured with a good sensitivity at 1 AU in
the solar wind.
From Figure 2 one can see that the two instruments
are in agreement and that the high-k part displays a clear
curvature. The curved spectrum makes one think of the
high-wave number tail found in the 3D fluid turbulent
cascade (e.g., Chen et al. [15]):
P (k) ∼ kα exp(ck/kd) (1)
where kd ∼ 1/ℓd is the dissipation wave number.
In [3] we have shown that the electron Larmor radius ρe
can play the role of a dissipation scale ℓd in the collision-
less solar wind, and that the quasi-universal spectrum
between ion and electron scales follows a k−2.8 power-
law. Following this line, we plot Ak−2.8 exp(−kρe) as a
solid line in Figure 2. Only the amplitude A has been ad-
justed to the STAFF-SC (green) spectrum, the STAFF-
SA measurements fall on this curve without any partic-
ular fitting. We plot as well the k−2.8 power-law by a
dotted line in order to underline the departure of the
solar wind spectrum from the power-law shape.
Let us now check the generality of this findings, by con-
sidering the whole set of 102 spectra, presented in Fig-
ure 3. The top panel shows P (f)-spectra, the reference
FIG. 3: (a) Raw 102 frequency spectra with signal to noise
ratio greater than 3 measured by Cluster-1/STAFF in the free
solar wind. The dashed line shows the instrument noise level.
(b) PSD of magnetic fluctuations δB at a fixed frequency
as a function of the ion thermal pressure in the solar wind,
correlation coefficient is 0.7.
FIG. 4: (a)Normalized P (kρe)/A spectra; (b) A as a function
of the ion temperature anisotropy, correlation of 0.64.
spectrum is presented by solid line, the other 101 spec-
tra by dotted lines. The spectra look very similar: only
their amplitude changes as a function of the solar wind
pressures. The best correlation of the spectral intensity
is found with the ion thermal pressure nkTi, Figure 3(b).
Similar result was found at MHD scales in [16].
The similarity of the P (f) spectra suggests that there
4is a quasi-universal spectrum such that any observed
spectrum can be presented as a function of this universal
spectrum with an appropriate rescaling [17].
Figure 4(a) shows the superposition of rescaled spectra
P˜ (kρe)/A, where P (k)dk = P˜ (kρe)d(kρe) and A is the
amplitude of the spectrum P˜j(kρe) for a given period
(j = 1, ..., 101) relative to that of a reference period, P˜0,
A = 〈P˜j(kρe)/P˜0(kρe)〉; 〈.〉 denotes the average over the
valid points of each P˜j spectrum, but for f higher than a
certain limit to avoid the range close to the ion spectral
break, f ≥ 3 Hz, corresponding to kρe ≥ 0.02. One can
see that these spectra P˜ (kρe)/A are superposed within
the error-bars of the P˜0(kρe) spectrum.
The normalized spectra P˜ (kρe) no longer display
the dependence on the ion thermal pressure, observed
for the P (f)-spectra. We find instead a new depen-
dence, namely, on the ion temperature anisotropy, A ∼
(Ti⊥/Ti‖)
1.5, see Figure 4(b). The dependence between
the turbulence intensity and Ti⊥/Ti‖ was observed for
the ion break scale [5, 6]. Here we show that it keeps
over smaller scales.
In order to specify the functional dependence of
the observed spectrum, we perform a three-parameter
fitting with equation (1), precisely with P (k) =
A0k
−α exp(−kℓd) with A0, α and ℓd as free parameters.
This fitting gives the scale ℓd, that is correlated with
ρe ∼
√
Te/B (see panel (c)), but not with λe ∼ 1/
√
N
(not shown). This correlation between ρe and ℓd con-
firms our findings [3] on the roˆle of ρe. The amplitude
A0 correlates, as expected, with A.
Last, the fitting process leads to a spectral index vary-
ing in the range α ∈ [2.2, 2.9] showing a nice anti-
correlation with the dissipation scale ℓd, see Figure 4(d).
Such an anti-correlation is indeed expected from a bal-
ance between energy injection and dissipation, with the
dissipation scale going to zero when the spectral slope
approaches the value 3 [18, 19].
If we summarize the findings of the present study, the
dissipation range spectrum in a collisionless space plasma
can be written as
P (k) = Ak−α exp(−kℓd). (2)
where A is related to the anisotropy of ions, ℓd ∼ ρe and
α is a function of the dissipation length.
This provides a unique description of the solar wind
spectrum starting at ion scales and going beyond the
electron scales, which is much more general than oth-
ers proposed previously [3, 4]. The exponential tail of
the spectrum indicates that the effective dissipation of
magnetic fluctuations in the solar wind has a wave num-
ber dependence similar to that of the resistive term in
collisional fluids ∼ △δB ∼ k2δB. In the literature, there
are several models of kinetic range of the solar wind tur-
bulence (see e.g. [20–22]). However, none of them leads
to the exponential tail found here.
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